Abstract-We have investigated the potential for contrastenhanced near-infrared fluorescence imaging of tissue on a mobile phone platform. Charge-coupled device-and phone-based cameras were used to image molded and three-dimensional-printed tissue phantoms, and an ex vivo animal model. Quantitative and qualitative evaluations of image quality demonstrate the viability of this approach and elucidate variations in performance due to wavelength, pixel color, and image processing.
Clinical NIRF procedures typically involve the use of indocyanine green (ICG) fluorescent dye for visualization of tissue perfusion and discrete vasculature, in surgical guidance [11] and retinal diagnostic [12] applications. NIRF-based approaches have also shown promise for assessing the depth of burns caused by thermal injury and chemical warfare agents [13] . In recent years, revolutionary molecular imaging techniques based on NIRF dyes (e.g., polymethine cyanines) and nanoparticles have been developed that enable targeted clinical imaging of cancer biomarkers for early detection and surgery [14] .
The confluence of NIR biophotonic imaging and mobile phone technology has the potential to vastly improve in vivo (and in vitro) screening and diagnosis. However, ensuring quality in emerging portable, low-cost technologies is critical to public health. Therefore, the purpose of this letter was to establish a proof of principle for mobile-phonebased NIRF imaging in biological tissue, and provide quantitative insights into image quality with respect to a scientific CCD. Preliminary versions of this letter have been reported in [15] and [16] .
II. METHODS

A. Experimental Setup
This letter investigates an approach for mobile phone-based NIRF imaging involving an external light source, rather than a fully selfcontained imaging system (see Fig. 1 ). The source was a light emitting diode (M780L3, Thorlabs, Inc., Newton, NJ, USA) with 780-nm-center wavelength and 30 nm bandwidth. Irradiance at the sample surface was 2.0 mW/cm
2 . An 800 nm short-pass filter (84-729, Edmund Optics, Barrington, NJ, USA) was used to reduce the potential for detection of excitation light. A convex lens and diffuser were used to achieve uniform illumination. The phone camera was based on an 8-bit CMOS sensor (3264 × 2448 pixels) with an f/2.4 aperture lens and the NIR blocking filter removed (Eigen Imaging, Inc., San Diego, CA, USA). The field of view (FOV) was adjusted to 10 × 10 cm. A long-pass emission filter with a cutoff wavelength at 825 nm (86-078, Edmund Optics, Barrington, NJ, USA) was secured to the camera. The phone was attached to a stable platform and images acquired with manufacturer-0018-9294 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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provided autoexposure software ("App #1"), as well as an application enabling measurement of unprocessed data with fixed exposure parameters (Camera FV-5, Flavio Gonzalez App-Entwicklung, Stuttgart, Germany) ("App #2"). We present mean image results (n = 5), as averaging improved signal-to-noise ratio (SNR) over a single acquisition by up to 30%. Imaging was also performed using a 16-bit monochrome scientific CCD (1200 × 1600 pixels, Alta U2000, Apogee Imaging Systems, Roseville, CA, USA) with a zoom lens (75 mm focal length, f/3.9, Tamron, Commack, NY, USA) and the aforementioned emission filter. The FOV was adjusted to 7 × 10 cm. Key acquisition parametersexposure duration (τ ) and gain (ISO)-are noted in figure captions. The primary fluorophore in this letter was ICG (Pulsion Medical Inc., Powell, OH, USA), due to its common clinical use. We verified the NIR absorption and fluorescence properties of a solution containing 2.5 μg/ml ICG and 5.0 g/dl human serum albumin (Sigma-Aldrich Co., St. Louis, MO, USA) with a spectrophotometer (Lambda 1050, Perkin Elmer Inc., Waltham, MA, USA) and a spectrofluorometer (QuantaMaster QM4, Photon Technologies Int., Inc., Birmingham, NJ, USA) [15] .
B. Performance Testing
Camera phone spectral sensitivity in the 700-1100 nm range was determined from measurements of a Spectralon diffuse reflectance standard (Labsphere, Inc., North Sutton, NH, USA). Spectral sensitivity was evaluated using a different experimental setup than other measurements; a broadband source was implemented (instead of a laser) and excitation and emission filters were not used. Light from a tungstenhalogen source (Oriel Instruments, Stratford, CT, USA) was delivered through a 7-10 nm bandwidth liquid crystal tunable filter (VariSpec SNIR-10-20, CRI, Inc., Waltham, MA, USA). Irradiance at the sample surface was measured with a power meter (1918-C and 818-ST-UV, Newport Corp., Irvine, CA, USA). Images were separated into red, green, and blue components, and the mean signal was calculated for a 150 × 150 pixel region in the center of the standard. The signal for each image was then normalized by the irradiance to determine sensitivity.
Spatial resolution was evaluated using a 3 × 3 in, chrome-on-glass, negative USAF 1951 resolution target (36-408, Edmund Optics, Inc., Barrington, NJ, USA). We fabricated a high-turbidity, ICG-doped phantom (25 μg/ml of ICG) to provide a homogeneous background for the target. This phantom also contained ethanol (0.5%) and TiO 2 (12 mg/ml) in an epoxy matrix, which was cured for three days. Images were acquired with the resolution test target placed on top of the phantom.
Sensitivity and linearity were assessed using a black, 96-well plate in which eight wells were filled with bovine blood solution containing concentrations of ICG (0.02 to 2.5 μg/ml), and a separate reference well contained bovine blood alone. SNR was calculated from CCD and phone camera NIRF images as follows: SNR = (I-µ)/σ, where I is the mean signal from a well, and µ and σ are the mean and standard deviation of the signal from the reference well, respectively.
C. Tissue Phantom and Ex Vivo Imaging
Three-dimensional (3-D) printing was used to fabricate turbid, biomimetic phantoms for preliminary qualitative testing [17] . A stereolithography 3-D printer was used along with a proprietary material (Form 1+ and white photopolymer, FormLabs, Somerville, MA, USA) that was determined to have absorption and reduced scattering coefficients of 0.1 and 8 cm -1 , respectively, at 800 nm [18] . Printed samples exhibited no detectable NIR fluorescence based on spectrofluorometer and CCD measurements. The phantom was printed with a semiplanar network of channels derived from a segmented clinical image of retinal vasculature [18] . Channels were 0.75 mm in diameter, with the top edge located 0.75 mm below the surface. The phantom's overall dimensions were 45 × 45 × 13 mm. An aqueous ICG-bovine blood solution (2.5 μg/ml of ICG) was injected into the channels for imaging.
To provide validation in biological tissue, ex vivo measurements were performed in a Lewis rat model. The rodent cadaver had been perfused with a solution of phosphate buffered saline (PBS) and 4% paraformaldehyde. Using a peristaltic pump (MPII, Harvard Apparatus Inc., Holliston, MA, USA), the paraformaldehyde was replaced with PBS. The cadaver was subsequently perfused with an aqueous ICGbovine blood solution (2.5 μg/ml of ICG) before NIRF imaging with CCD and phone camera systems.
III. RESULTS
A. Spectral Sensitivity
The sensitivity of each color channel in the phone camera (without emission or NIR blocking filters) varied strongly with NIR wavelength (see Fig. 2 ). For App #1, red pixels showed the greatest change, with sensitivity decreasing by 80% across the range, whereas blue and green pixels tended to peak near 825 nm, followed by a slow decay. In the 800-900 nm range, App #1 red pixel signals were twice as sensitive as blue and four times as sensitive as green pixels. It is also notable that raw red pixel sensitivity at 650 nm was only 3.7 times greater than that at 800 nm (data not shown). Green pixel images maintained SNR levels of about 20 across much of the NIR. For wavelengths over 800 nm, all raw signal channels in App #2 showed lower SNR than green pixels in App #1 and all signals decayed monotonically with wavelength.
B. Contrast Sensitivity and Linearity
Measurements of the sensitivity of mobile phone and CCD systems to varying concentrations of ICG are presented in Fig. 3 . Overall, variations with pixel color and software are similar to what was shown for the 800-900-nm band in Fig. 2 . CCD results indicate similar sensitivity levels as the red and blue channels with App #1, however, the former shows strong linearity for all intensities whereas the latter is linear up to an SNR of 100. Green pixel images from App #1 and all three channels in App #2 showed better linearity than red and blue pixels with App #1. While one prior mobile phone visible-wavelength fluorescence study demonstrated a highly linear sensitivity curve [7] , this curve only covered a range of pixel intensities up to 50 "AU," and it did not intersect the origin.
C. Spatial Resolution
Both quantitative determination of contrast transfer functions (CTFs) and subjective evaluation of USAF 1951 target images (see Fig. 4) were used to analyze variations in spatial resolution. The CCD CTF curve shows much higher contrast than the mobile phone for all but the lowest spatial frequencies. Using App #1, CTF results show better contrast at all spatial frequencies for green pixel images than red and blue pixels. Raw data acquired with App #2 indicate worse contrast than App #1 for low-spatial frequencies, but better contrast at high-spatial frequencies. Images of part of the resolution target illustrate the high quality of CCD results, the high noise level in raw phone camera images, and the brighter, smoother, but soft-edged features from processed images (App #1).
D. 3-D-Printed Phantoms
Phone camera images of biomimetic phantoms and animals were acquired using App #1, due to its strong image quality testing results; quantitative fluorescence measurements that would require unprocessed signals were not necessary to achieve the goals of this letter. Images of the biomimetic vascular phantom (see Fig. 5 ) illustrate the high resolution and low noise of the CCD. Signals seen in nonvessel regions are attributable to a minor amount of diffuse fluorescence. Green pixel images [see Fig 5(e) ] exhibit noticeable noise, yet delineate all major vessels seen in the CCD image, except in the highest density regions. Red and blue pixel images display less noise, but softening of vessel edges and greater background signal in nonvessel regions are present. A color phone camera NIRF image of the phantom without ICG [see Fig. 5(b) ] shows a low intensity (< 4% of phantom with ICG), with minimal polymer matrix fluorescence and light leakage. 
E. Ex Vivo Rodent Model
NIRF images acquired in the ex vivo ICG-perfused rodent model (see Fig. 6 ) provide transdermal visualization of a right femoral artery bifurcation (no skin was removed). Vascular fluorescence is apparent in all images, as is background signal due to microcapillaries and light diffusion. The CCD image provides clear delineation of major vessels (with high fluorescence levels) from the lower intensity signals in surrounding regions. RGB, red, and blue pixel images acquired with mobile phone App #1 exhibit degraded vessel contrast. The optimal phone-based visualization of vessels was provided by the green pixel image, although noise levels were much greater than for the CCD.
IV. DISCUSSION
Imaging of targets, phantoms, and an ex vivo rodent model have provided significant insight into the potential for performing biological NIRF imaging with a slightly modified mobile phone. This capability is most clearly evidenced by images of ICG-filled rodent femoral vasculature, and artificial vessel-simulating structures in a 3-D-printed tissue phantom [see Figs. 5(e) and 6(d)]. Quantitative test results indicated that phone-based imaging may approach the sensitivity of a scientific CCD, although with inferior spatial resolution, SNR, and signal linearity. Furthermore, spectral sensitivity data suggest that phone-based cameras may be useful for applications across the NIR range.
Imaging performance of the phone-based system varied by pixel type and software. With App #1, the green channel provided good resolution and linearity, albeit with relatively low SNR. Resolution target images for this channel (see Fig. 4 ) showed background signal near zero, resulting in higher CTF values than other channels. Green pixels also produced sharper edges in target, phantom, and ex vivo images than red or blue pixels, possibly because green pixels are twice as common in Bayer filters. Red and blue pixel images with App #1 showed SNR levels on par with the CCD and much better than green pixels (see Fig. 3 ). However, these images also displayed minimal vessel contrast, likely a result of signal nonlinearity. Based on comparisons with raw data, App #1 color-specific differences in resolution, noise, and sensitivity appear to be due to tradeoffs made during image processing. The high sensitivity and low noise of red and blue pixels may be useful for tumor detection in a dark field, whereas green pixels may be more suited to delineating complex heterogeneous structures. Additionally, while App #2 results showed much higher noise and lower sensitivity than App #1, the strong NIR signal linearity seen for all three pixel types indicates potential suitability for quantitative imaging and the strong response at higher spatial frequencies [see Fig 4(a) ] indicates high resolution.
Target-and phantom-based test methods provided objective, quantitative insights into key image quality characteristics, including spectral sensitivity, contrast sensitivity, signal linearity, and spatial resolution. With its biomimetic morphology and nonfluorescent turbid matrix, the 3-D-printed phantom also proved a practical tool for qualitative bench testing. Insights gained from both types of testing approaches were useful in explaining biological tissue imaging results.
In conclusion, quantitative bench testing and ex vivo animal model results provided strong evidence of the utility of a mobile phone platform for NIRF tissue imaging, albeit at reduced image quality from a scientific CCD. Additionally, phantom-based test methods were shown to be effective in elucidating device performance. Clinical translation of phone-based NIRF imaging systems for retinal imaging, early cancer detection, and other diagnostic tasks will require development of novel compact optical components (e.g., light source attachments) and NIRF image processing software. As these challenges are met, innovative mobile-phone-based NIR imaging devices may lead to improvements in a wide variety of point-of-care, global health, and first response applications.
